ABSTRACT. In a previous article, we reported an investigation of visuomanual pursuit tracking of unpredictable two-dimensional targets. This article extends the study to the tracking of predictable stimuli. In both investigations, the target trajec tory was elliptical. The experimental factors we vari ed were the orientation of the
A PR EVIOUS ARTICL E (Viv iani , Campadelli, & Mounoud, 1987) re ported a study of vi suomanual pursuit tracking of un predictable two dimensionai targets. As argued there, the two-dimensional version of this task represents a signific ant general ization of the paradigm used i n almost ali investigations of the tracking skill. In deed, pursuit move ments are rather peculiar among ali human motor ac tions, because they are at the same time under voluntary control and yet constrained both spatially an d temporally by an external driv ing in put. Ideally, per fect pursuit requires that the motor contro I system be used as a general-purpose processor for rep licating faithfully any visual input. Whatever its in ternai structure, the processor should be ab le to pre vent its inner working from manifest ing itself in the operating charac teristics. In ac tual fact, of co urse, such an independence of the oper atin g charac teristics from the internai structu re is never fully ac hieved. Eye movements represent perhaps the most typic al case in which the few possible types of motor patterns ali carry a clear imprint of the un derlying contr ol processes. More generally, however, there is a growing body of ev idence to su ggest that voluntary mov ements pos sess certain unique featur es that sharply distingu ish them from mo tions that can be produced by mechanical contraptions. These fea tures ar e likely to reflect both the inner working of the motor control system and the physical propert ies of the eff ect ors. In particular, in free hand movements, the law of motion depen ds on the geometry of the trajectory in a way that cannot be pr edict ed from biochemical con siderations alone (Flash, 1987; Flash & Hogan, 1985; Lacquaniti, Ter zuolo, & Viviani, 1983; Soecht ing & Ter zuolo, 1986; Viviani & Terzuolo, 1982; Wann , Ni mmo-Smith, & Wing, 1988) . With respect to visuoman ual pursuit, therefore, the gener ai quest ion can be raised as to the extent to which the intr insic properties of the control system interfere wit h the perceived kinematical an d geometr ical propert ies of the visual st imulus. Classi cal one-dimensional targets (sine waves, st eps, ramps, etc .) are intr insically inadequate to tackle this question, be cause the geometry of these movement s is far too simple. Curved tra jector ies in the piane represent, instead, the simplest situation in which the notion of geometr ical form can be brought to bear in the context of visuomanual coordi n ation .
Several resu lts of the previou s study are su mmarized here:
1. Unpredictable targets whose velocity satisfies the constr aints present i n human movements can be pursu ed wi th good accuracy an d in a sur pr isingly consistent manner.
2. The strategy used to pur sue these targets can be represented adequately by a simple velocity feedback scheme that inc ludes a cen trai processing delay.
3. Tar gets whose velocity is constant-a condition that is never ver ified in natural movements-can also be tracked in a consistent man nero The feedback scheme can be applied to this case too, but the results suggest that coping wi th these "unnatural" targets requires a change in the operating characteri st ics of the motor control system . Several question s were left unanswered by the experiments with un predictable targets. The first question that remains open in the two-dimensionai case is the inf l u ence of predictability on motor perfo rm an ce. It has often been argued (cf. Poulton, 1974; Wickens, 1986 ) that the pu rsu it response to peri odic targets is partly controlled by a centrai anticipation of their future cou rse. In the one-dimensi on al case, the law of motion and its derivatives prov ide the on ly basis fo r su ch an ant ici pato ry component of the respon se. In the case of planar trajecto ries, the direction of the movement also changes in an orderly mann er and, therefore, cou ld be an ticipated. The extent to which this is actually the case is not known; nor do we know whether such an anticipation of the changes in direction can be carried out independently of a con cu rrent anticipation about the target ki nematics. Finally, we also ignore the questi on of whether the co rr elation that might exist between the law of moti on and the geometry of the trajecto ry can itself prov ide gu idance for predicting the future cou rse of the target.
The secon d issue that deserves further attention is also related to the fact, mentioned above, that voluntary hand movements obey cer tain con straints in the relation between their form and kinematics. Re member that the constant velocity con dition expl ored in the previous study violates these constraints but is stili com patib le with a reason ably good tracking perfo rmance. The question then arises, whether a mo re drastic departure of the target motion fram the regularities pre sent in spontaneous movements can ultimately result in a measu rable disruption of the performance.
A thi rd issue concerns the validity of the feedback scheme used to represent the pu rsuit perfo rmance. The range of av erage velocities expl ored in the experiments with un predictable targets was rather nar row (10.42-1 6.67 cm/s). It is open to question, therefore, whether the conclusions reached by applyin g the scheme within su ch a narraw range remai n val id when one considers the full spectrum of velocities observed in natural movements. In particular, the paramount i m por tance given to the velocity feedback deserv es special attention be cause, with a few exception s (e.g., Jagacinski & Hah, 1988; Miller, Jagacinski, Navalade, & Johnson , 1982) , models of pu rsuit trackin g tend to emphasize instead the feedback of position information (cf. Pou lton , 1974 ) .
The fou rth an d final question arises as a result of recent findings on the generation of hand trajecto ries. There is, in fact, the following ev i dence:
1. The useful wo rkspace fo r mov em ents invo lv ing wrist, elbow, an d shoulder jo ints is not homogeneous from the po int of view of the contro l strategy (F lash, 1987; Hollerbach & Atkeson, 1986) .
2. At least one of the parameters that are relevant to the description of the movement (t he mechanical an d ref lex sti ffness) depends on the po sition in the wo rkspace and the direction of the displacement (Mussa-Ivaldi, Hogan, & Bizzi, 1985) .
3. When the av ailable degrees of freedom exceed the requi rements. of the desired end-point traj ectory, specific con straints are injected by the motor control system into the relation between elbow and shoul der angles (Soechting, Lacquaniti, & Terzuolo, 1986; Soechting & Terzu olo, 1986) . These constrai nts resu lt in equally spec if ic distortions of the actu al trajectory.
Taken together, these findings su ggest the possibility that, in the pu rsuit-tracking task, the hand-arm system may respond differently to target motions in di fferent direct ions and different positions within the workspace. Complex targets, such as those used in the previous ex periments, are not well su ited to expose this possi ble infl uence, be cause local eff orts may cancel out. The pu rsuit-tracki ng experiment reported in this article addresses al i four issues evoked ab ove. A closed geometrical form-the el lipse-provided in ali cases a pre di ctable and simple target trajectory (Issue 1). Two factors of the ex perimental design were related to the kinematics of the target. The first factor was the instantaneous modu lations of the veloc ity along the tra jectory. It has been shown-bot h in adu lts (Lacquaniti et al., 1983 ) and children (Viviani & Schneider, 1990 )-that a stable relation exists be tween the tangential velocity and the radius of cu rvature of elliptic movements. A power law provi des a satisfactory qu antitative descrip tion of suc h a relation. In half of the trials, the veloc ity of the templates satisf ied this internai constraint of natural movements. In the other half, the constraint was grossly violated ()ssue 2). The second factor was ave rage velocity of the target over one cycle. The period of one motion cycle was varied over a 1-7 range (Issue 3). The third experimental factor was the orientation of the major axis of the ellipse, which defines both the main direction of the movement and the range of covariation of the joint angles (Issue 4).
In comparison with the one-dimensional case, the analysis of two di mensionai pu rsuit tracking requ ires the development of spec ific methodological tools. Here, these matters will be dealt with brief ly and only insof ar as they are necessary to make the presentation self contained. The reader is referred to the previous article for a detailed discu ssion of these methodological issu es.
Methods
Subjects. Te n subjects (7 males and 3 females, age range: 25-42 years) vo lunteered for the experi ment. They were ali right-handed and had normal or corrected-to-normal vision.
Apparatus. The experimental apparatus and the data ac quisit ion were identical to those desc ribed in detai! in the pr evious artic le (Vivi ani et al., 1987) . Briefly, the visual target was produced by a computer controlled laser beam that was rear-p rojected on a transparent digitiz ing table. Subjects pu rsued the target wi th the standard hand-held cu rsor of the table. The instantaneous position of both the target and the cu rsor were samp led at 60 Hz, with a nominai accu racy of 0.025 mm.
Ta rgets. In ali cases, target trajectories were ellipses with the same form (Iabeled G for Geometrie; eccentricity, I g = 0.9; perimeter, P = 58. 905 cm). In half of the targets (type H), the major axis of the ellipse was horizontal; in the other half (type V), it was vertical. Each type of target could follow two different laws of motion [the law of motion is the function I = l(t) which describes the increase in time c:i f the curvilinear coordinate I along the trajectory].
The first law of motion (to be called L for Lissajous) is the one that obtains when the elliptic trajectory i s generated by composing vecto rially two sinusoidal functions as follows:
where Q is the rhythm of the movement. The eccentricity Lg of G is de fined as
The second law of motion (to be called T for transformed) was de fined by the following condition: At any instant, t, the tangential velocity along the trajecto ry must be equal to the tangential velocity that would have, at the same instant, a point tracing a Lissajous ellipse (called D for dynamic) whose major axis was rotated by 90° with respect to that of the actual target. The time course of the x and y components of the ta rget in conditions L and T is contrasted in the upper two panels of Figure 1 A . For each speed condition (see below), the cycle period of L-and T-type targets is the same. Therefore, the average tangential speed and its time profile are identical in the two cases (see the third panel in Figure 1 A). Whereas in L-type targets, however, the maximum tangential velocity occurs where the radius of curvature is maximum, and the minimum tangential velocity occurs where the radius of cur vature is minimum, the position of the same minima and maxima along the trajectory is interchanged in type-T targets. Thus, both the time course and the polar distribution of the angular velocity (A = V/R) are different in the two cases (Figure 2 ). The generai mathematical pro cedure for generating elliptic trajectories whose law of motion is that of any Lissajous ellipse is described in Appendix A.
In ali cases, pursuit movements were recorded for 19.3 s. The num ber of complete movement cycles within this period could be 2, 4, 6, 8, 10, 12, and 14 , which correspond to the following average veloci ties: 6.10, 12. 20, 18.31 , 24.42, 30.52, 36.62, and 42 .73 cm/s, respec tively. One extra cycle was always inserted at the beginning of the trial to allow subjects to attain a steady performance. This initial cycle was not recorded. Tw enty eight different target ty pes resulted from the combination of the two orientations, the two laws of movement, and the seven average velocities. Procedure. Each subject followed each target type five times. Thus, one complete experiment comprised 140 trials. To avoid fatigue, we admi nistered the trials in two sessions. Half of the subjects were presented wi th a random permutation of ali targets with 2, 6, and 10 cycles in the fi rst session and of ali targets with 4, 8, 1 2, and 14 cycles in the second session. The session sequence was inverted for the other half. For both sessions, a diff erent permutation was used for eac h session. Tw o of the subject s (the authors) were aware of the ex perimental design . Of the 8 other subjects to whom no information was pravided , some realized in the course of the experi ment that the same target was presented several times. The average interval between rep etitions was too large for any motor learning to occ ur, however. The assignment was intraduced verbally, and we stressed the fact that a good performanc e consisted of "keeping the target as close as pos sible to the crass-hair of the cursor for as long as possib le." Before each session, subjects prac ticed for a few trials at each of the veloci ties included in that session. No constraints were imposed on either the generai body posture adopted during the task or the arm seg ments i n volved in the trac king movements. At the beginn ing of a trial, subjects placed the cursor crass-hair on the laser spot that ind icated the starting point of the target. This point was always in the 3-0'c lock direction, but the distance fram the center of the table pravided a clue to the target type (H or V) ab out to be presented. Tw o s af ter an ac ous ti c warning signal, the target spot started moving, an d the subject had to trac k the spot for as many cycles as were presented in the tr ial. The pace of the presentation was contralled by the experimenter, an d, on the average, trials were 10 s apart . Short periods of rest were inserted at the subject's request. Subjects could also ask to repeat a tri al if they felt that in the course of the recording they had lost the necessary concentration .
Resu/ts
Qua/itative ana/ysis. Thraughout this section , we wi ll cont rast the tracking performance in the two kinematic conditions, L (L issajous) and T (Transformed). Thus, we begin by emphasizing the nature of the difference between these conditions. As detailed un der Methods, the average speed and time course of the velocity profile for a given rhythm are identical in both conditions. L-type targets result fram the comb ination of pure harmonic functions, whereas the horizontal and vertical components of T-type targets contain higher harmonics (Fig  ure 1A) . Nevertheless, both components remain fairly smooth an d, eac h one independently, well within the range of commonly ob served spontaneous movements of the hand.
A quantitative difference also exists in the distrib ution of the an gular veloc ity (Figure 2) . The main qualitative difference, however, concerns the relation between the geometry and the kinematics of the targets. It can be shown (Viviani & Cenzato, 1985 ) that i n L-type targets, the tan-..,. .� b- upper plots, the angular velocity is displayed in the lorm 01 polar diagrams, to emphasize its relation to the geometry of the trajectory (AO = angular velocity at point P). Notice that, despite the surface difference be!ween the !wo plots, the average angular velocities are identical in both cases. A visual impression 01 the difference be!ween the profiles 01 tangential velocities is provided by plotting only a lew points 01 the trajectory equally spaced in time.
gential velocity, V(t), is rel ated to the instantaneous rad ius of curvature, R(t) , by the formula
where n = 271"/T is the rhythm of the movement, P is the perimeter of the elli pse, and F is a mildly varying function of the eccentricity � g . For any choice of the parameters n, P, and � g , V(t) i s an increasing linear function of R 1/3 For T-type targets, however, the V -R1/3 relation decreases monotonously and is highly nonlinear. Figure 1 B contrasts the two relations for ali tested values of the rhythm. We did not search individuai performances for statistical evidence of motor learning. Qualitative analysis of the performance indices (see below) failed to show any systematic effect across subjects of the or der in which the various condition were administered, however. In most cases, a stable performance was reached after the very first familiar ization trial. Moreover, even the two authors, who had much more prac tice with the experi mental conditions then the other subjects, did not fare better in negotiating the diff icult T condition (see later). The two experimental factors that have the largest effect on the tracking per formance are the rhythm, n, and the kinematic condition (L vs. T). Figure  3 represents the average trajectory for one cycle, computed from ali the data available in the indicated condition (for instance, in the 8-cycles condition, averages are computed on a 5 x 8 = 40 cycles). As the rhythm of the target increased , the entire pursuit trace rotated in the direction of the target movement. A few control trials, recorded in 3 subjects, showed conclusively that the angle of rotation was in verted when the direction of the target movement was inverted. To var ious degrees, ali subjects presented this peculiar effect in condition T In condition L, instead, a systematic rotation was observed only with targets oriented horizontally, and, on the average, its amplitude was smaller. It is remarkable that, although the angle of rotation at the high est rhythm could be as large as 1 r, no subject attempted to compen sate for the systematic erro rs that resulted from such rotation. Indeed, no one was ever reported to have noticed these errors. In condition L, the average peri meter and the eccentricity of the pursuit track matched quite accurately those of the target. In condition T, however, both these parameters decreased when the rhythm increased. In most subjects, pursuit traces of Lissajous targets were reasonable approx imations of an ellipse, at ali rhythms. Departures from the intended form included occasionai distortions and a tendency at the highest rhythms to flatten out the least curved portions of the trajectory. These types of distortions occurred al so in the transformed condition, but their amplitude was larger. In addition, within the low-medium range of rhythms, we al so observed another type of distortion that was, in stead, quite systematic and manifested itself as an antisymmetric
bending of the most curved portions of the trajectory (see upper right panel in Figure 3 ).
Gross qualitative difterences between performance in the two con ditions emerged in the time domain. Figure 4 shows the polar repre sentation of the instantaneous delay, 8, between the target and the pursuit for the same set of experimental parameters of Figure 3 . The delay is defined and calculated as in the case of random targets (Vi viani et al., 1987) . For each radiai direction, the indicated quantity, 8, is proportional to the time that elapses between the moments when the target and the pursuit pass through homologous points on the trajec-
SEC. Figure 3 . Pursuit trajectories. Data for one representative subject. For the three indicated rhythms, left and right plots illustrate some of the typical features of the pursuit trajectories in the two experimental conditions. Also shown inset are the quantitative parameters used to characterize the performances. As a generai rule, pursuit trajectories in the T condition are more distorted, smaller, and less eccentric than those in condition L. A conspicuous rotation of the axes of the pursuit ellipse is present in both conditions.
tory. When the polar plot lies within the elliptic reference, as in two of the examples on the right, the pursuit is in advance with respect to the targ et. Delays were almost constant for ali directions and ali rhythms in condition L. Instead, they oscillated considerably and systematically in condition T, the oscillations being related to the velocity profile but not to the orientation of the major axis of the target. Obviously, the peculiar modulation of the tangential velocity prevented the subjects fram maintaining a constant level of accuracy in the execution of the task.
Lissajous transformed
UFT RIGHT LEFT RIGHT (� Figure 4 . Temporal delays. Data lor the same subject as in Figure 3 . For the three indi cated rhythms, left and right plots illustrate the typical proliles 01 the instantaneous delay in the two experimental conditions. The results shown are averages over ali the cycles within a trial and ali the trials lor the same condition. As indicated in the lower left panel, the delay at any one point of the trajectory is proportional to the radiai distance between the target trajectory and the polar plot. Portions 01 the plot laying within the outline 01 the target correspond to regions 01 the trajectory in which the pursuit is ahead 01 the target (negative delay). At ali rhythms and in ali subjects, the delay in condition L is lairly con stant across movement cycies. Large modulations 01 the delay appear instead in condi tion T.
Finally, the effect of the relation between geometry and kinematics on tracking performance is dramatized by plotting the V -R1/3 relation for the pursuit movement. Because individuai plots are qualitatively similar, this relation has been calculated from the average pursuit tra jectory over ali subjects and ali cycles of movements within a trial. In condition L ( Figure 5 ) the data points far one complete cycle are al most indistinguishable fram the superimposed straight lines that rep resent the behavior of the target (cf . Figure 1 B) . The agreement is equally good whether the major axis is harizontal (panel A) or vertical (panel B). In condition T, the situation was quite different. Each panel in Figure 6 displays the V -R1/3 plot for the indicated rhythms and for the two orientations of the majar axis of the ellipse (A, harizontal; B, vertical) These plots demonstrate large, systematic departures of the pursuit movements fram the V -R 1/3 covariation that characterizes the targets The differences depend on both the rhythm of the move ment and the orientation of the axis. The results for the highest rhythms (10, 12, and 14 cycles) suggest that subjects modulated the velocity in accardance with the Lissajous model over a large partion of the 1 st and 3rd quadrant, but with a considerable hysteresis. Efforts to comply with the kinematics of the target were only partially successful over small segments of the 2nd and 4th quadrants.
To summarize, these qualitative results demonstrate that, when the relation between the kinematics and the geometry of the target differs fram that which is characteristic of the Lissajous model, the tracking task becomes unusually difficult. A serious deterioration of perform ance results, both in the space and temporal domain, but it is much more marked in the latter. In the next section we pravide a quantitative analysis of these findings.
Quantitative ana/ysis. The parameters of the pursuit trace to be considered are the perimeter, P, the angle of ratation, e, the eccentric ity, L, the distortion with respect to the elliptic form, O, and the average delay, ù. The perimeter was calculated by integrating numerically the data points of the average complete cycle. e and L were estimated by the corresponding parameters of the least squares best-fitting el lipse of the pursuit trace. The distortion was defined as the least mean quadratic error resulting from the fitting routine. Ta ble 1 summarizes the results of a 2 x 2 x 7 (Orientation x Kinematic Condition x Rhythm) analysis of vari ance (ANOVA) of these quantitative parame ters, with 10 replicates (subjects) per celI.
As mentioned in the previous paragraph, the performance parame ters and their variations as a function of the rhythm were mostly af fected by the kinematic modality. To some extent, however, they were also subject specifico This is particularly obvious for the average delay, Figure   1 ). The results demonstrate that, in condition L, the pursuit movement exhibits the same covaria tion between lorm and kinematics that is normally observed in spontaneous movements. radius of curvature power one-third (cm) Figure 6 . Covariation between form and kinematics: condition T. Each pair of panels (A, H-type targets;
8, V-type targets) shows the covariation of the tangential velocity with the radius of curvature of the pursuit trajectory for one complete cycle of movement. The data points are averages over ali sub jects, ali cycles within a trial, and ali trials recorded at the rhythm indicated above (plots for the two slowest tempos are too noisy to be shown at this scale). The continuous curves superimposed on the data points are the theoretical predictions in the case of a perfect pursuit (cf. Figure   1 ). The results demonstrate the complete failure of the subjects to reproduce the desired relation between form and kinematics. Notice the large hysteresis effect and the fact that, over a large portion of the cycle, subjects tend to fall back into the mode of covariation that is characteristic of spontaneous movements (cf. Figure   5 ).
:u $;
�. averages. As already observed in the case of unpredictable targets (Viv iani et al., 1987) , the av erage delay varied as much as 100% be tween subjects. Moreover, the effect of the rhythm was somewhat dif ferent am ong subjects. Those subjects who had long delays also tended to inc rease them at the highest rhythms; this was particularly obvious in condition T. Other subjects maintained the delay fairly con stantly throughout the enti re range of rhythms. Th e sign ificance of these differences is dram atized by the striking similarity between the i n dividuai results for the horizontal an d vertical orientation of the major axis, Figure 8 summ arizes the quantitative results for ali the other descrip tiv e parameters of the performanc e. Each plot compares the av erages ac ross ali subjects far the indicated quantity. As in Figure 7 , the results for the two orientations are compared within the same plot. Left and right panels refer to conditions L and T, respectively. The most dra matic difference between the two kinematic conditions is revealed by the perimeter data, which, in condition T, show a large decrease in the size of the pursuit movement. The global measure of distortion, O, al so conf irms a qualitative difference between L-an d T-type targets. It fails, however, to resolve the different types of distortion s documented in Figure 4 . Within both kinematic conditions, a signif icant difference ex isted between the am ount of rotation for the two orientations of the major axis. As a generai rule, the eff ect of the rhythm on ali measures of performance was greater in condition T than in condition L. The rhythm interacted with the orientation of the axes only for the purely geom etrie parameters (eccentricity and rotation). Finally, no signif icant i n teraction emerged between or ientation an d kinematics.
Modeling the Tracking Performance

Definition of the Model
In the previous article on pu rsuit tracking of random targets , we presented a simple formai scheme that accounts with reasonable accuracy for both the gene rai and the idiosyncratic fea tures of the tracking performance. Briefly, the scheme proposed earlier was based on the following ideas. Let T(t) and P(t) be two vectors, representing the instantaneous position of the target and .of the p'ursuit, respectively. Moreover, let dS = T(t) -P(t) and dV = T(t) -P(t) be the displacement and vel ocity errar vectors. The basic intuition, which we tested using random targ ets, is that ti me changes of P(t) are driven uniquely by the differences, dS and dV. By analogy with the behavior of a mass coupled to a displacement generator via a viscoelastic link, the acceleration of P(t) is supposed to be a linear combination of dS and dV. We also hypothesized that the processing of the error signals is not instantaneous, as it is in a reai mechanical system, but takes instead a time, te' that may depend on the subject. To encompass within the same scheme also the case of periodic targets, we now generalize the model in two directions. First, given the predictable nature of the stimuli, we must take into account the possi bility that subjects anticipate the future course of the target. Specifi cally, we assume that the relevant errar vectors, �S and � V, are com puted between the actual position and velocity of the pursuit (time t) and the position and velocity of the target at some point in the future (time t + tf)' Second, the experiments have shown that the orientation of the major axis of elongation of the pursuit trace undergoes a rotation in the direction of the target movement, the amplitude of which de pends on the tempo (see Figure 3) . Thus, we must allow for the pos sibility of cross-coupling between the Cartesian components of the er rar vectors and those of the pursuit movement (Todosiev, 1967) : The errar signals �S and � T are linearly combined by matrices with non zero off-diagonal terms. Formally, the pursuit movement is then de scribed by the differential vector equation as follows:
.. o.
P(t + te) = a[T(t + tf) -P(t)] + �[T(t + tf) -P(t)],
where
T(t) == {xr(t),Yr(t)},
Within the spirit of the model, the transformation matrices a and � can be conceptualized as a virtual stiffness and a virtual viscosity ten sor, respectively (ali the components of <X and � are normalized to the unspecified mass of the system). If the link between the target and the pursuit behaves as a spring/dashpot system, it follows that the two tensors must be skew-symmetric (<X X y = <Xyx; � xy = � yx) (cf Hogan, 1985) . The components of the stiffness tensor include the contribution of centrai and peripheral effects. Although it is known (Mussa-Ivaldi, Hogan, & Bizzi, 1985) that the latter are dependent on end-point po sition within the workspace (at least in isometric conditions), we cannot evaluate the relative weight of the two contributions. Thus, we will make the simplifying assumption that the workspace is isotropic, which implies the further constraints <Xxx = <Xyy and � xx = � yy ' By definition, the "Iook-ahead" parameter, tf' should be independent of the rhythm of the movement, whereas, of course, the corresponding spatial look-ahead is proportional to the instantaneous velocity. By contrast, not only is there no reason, a priori, to assume independence of the centrai processing time te' buI, as we shall see later, the results even suggest a decrease of tc with target vel ocity. Likewise, several st udies have shown that both stiffness and viscosity of actual muscles scale with speed. Nevertheless, we estimated that allowing for a mod ulation of the model parameters by the rhythm of the target would have increased the degrees of freedom of the model too much. Con se quently, we assumed that ali parameters depend only on the subject and on the compatibility condition .
Because the model is linear, its behaviar is best analyzed in the frequency domain. Applying the Laplace transform and rearranging one obtains s 2 e stc· P = (a + sp) . (e st, . T -P), 
Va!idation or the Mode!
The model has six parameters; Uxx' uxy' I3xx' I3xy' tc' and tj' which are supposed to be independent of the rhythm of the movement. Thus, for any choice of values far the parameters, the model yields a full set of predictions about the effects of the rhythm on the motor performances. Far the purpose of validating the mode l, however, we concentrate only on four quantitative aspects of the pu rsu it track: the perimeter, P; the eccentricity, L; the rotation of the major axis, 0; and the average delay, ù, between target and pursuit (see Figures 7 and 8) . Specifically, we searched the parameter space for the values that simultaneously min imize the mean square error between the predicted and obse rved val ues of P, L, <\>, and ù at ali tested rhythms. The validity of the model is then gauged joi ntly by the size of the residual errar and by the dis crepancy between mode I and data for other qualitative aspects of the performance that were not taken into account in the search pracess (see later) . It should be st ressed that, although the temporal parame ters, tc and tj' seem to have opposite effects on the pursuit accelera tion , in fact, no appreciable trade-off can exist between their least squares estimates.
Because of th e considerable ind ividuai differences, it would be in appropriate to fit the model to the aver age results shown i n Figures 7 and 8. To demonstrate the range of applicabil ity of the model, it is suff ic ient in stead to consider two of the most di ssimilar ind ividuai per formanc es. Specific ally, we singled ou t the two subjects who demon strated the largest and the smallest interactions between the kinematic condition factor (L vs. T) and the rhyt hm of the movement, SS and SM, respectively. Moreover, because the differenc es between the results for the two or ientations of the templates were not a main point of con cern in this context, only the tr ials with horizontal el lipses were su b jected to an alysis. For the pu rpose of testing the val idity of the model, the perfar mances of the two selected subjects were characterized by a relatively smal l su bset of the av ailable data: namely, the variations with the rhythm of the gain, the rotation, the eccentricity, and the av er age delay (28 data points). For both su bjects and both kin ematic con ditions, a simplex algar ithm was used to determine the valu es of the six parameters that mi nimized the su m of the squared relative devia tions from these 28 observed values. The results of the fit-to-horizontal T-type tri al s for the two subjects ar e shown in Figur es 9 and 10, re spectively. In the left (A) panels of the figures, the pred ictions concern ing the qu ant itative parameters ar e grouped, together with the actu al data. In the right (B) panels of the figures, the polar repr esentation alr eady adopted in Fi gure 4 is used to compare the observed ti me cour se of the instantaneou s delay far four selected rhythms with the predictions of the model corresponding to the best-f itting parameters. Notice that, although the delay data were not used far the fitting, the model captures the qu ali tative changes of the plots as the rhythm in cr eases. Figur es 11 and 12 il lustrate the results of the fitting for hori zontal L -type targets. Because the instantaneous delays for these tar gets ar e almost constant (see Figure 4) , as ar e the predictions of the model, the graphic comparison of actual and predicted delay plots was omitted in this case.
The best-f itting values of the model parameters for the two subjects in both cond itions are reported in Ta ble 1. Notice that in ali four cases, the value of parameter te was found to be very smal!. This point will be dealt with in the discu ssion. Finally, Figur e 13 illustrates, with the help of a few representativ e examples, the fact that the model also predicts some systematic distortion of the trajectories that are observed in the T condition at the slowest rhythms.
Consi dering that the degrees of fr eedom of the model ar e far less than the imposed constraints, the close ap proximation of the model to the experimental results can be taken to be satisfactory. In particu lar, we woul d like to stress again the fact that the dynamic aspects of the performances-su mmarized by the instantaneous time delay-and the distortions of the trajectory ar e reproduced qu ite acc urately by the model, even though they were not taken into acc ount in the fitting pro cedur e. Some systematic discrepanc ies do exist, however. They show up mostly in the valu es of the eccentric ity and of the perimeter, which the left show the instantaneous delay across a complete cycle of movement for the indicated rhythms. On the right are the corresponding predictions of the model. The slight assymetry in the theoretical plots is due to rounding errors in the numerical computation of the mode I predictions. /,/..---- are overestimated by the mode l (see Figure 9) . Moreover, the sudde n decrease of the delay that always occurs in condition T when the tar get slows down in the flattest portions of the trajectory is somewhat anticipated and smoothed out by the mode I. An analysis of the model suggests that these discrepancies could be greatly reduced by relax ing the condition that the vi rtual st iffness and vi scosity are constant at ali rhythms. As mentioned before , however, our aim was not to pro duce the most accurate possible fitting of the data points but to dem onstrate the generai adequacy of the model.
Discussion
Compatibility: Implications for Motor Control Theory
We have shown that the motor control system is limited in its trac king performance by the same constraints that app ly to the generation of voluntary movements. If the target movement violates the relation be tween form an d kinematics that exists in ali natural movements, the response cannot be a faithful rep roduction of the inp ut. Th e degrada tion of the performance is ali the more obvious in that the violation of th e natural const raints is severe. In the prev ious study of two dimensionai pursuit (Viv iani et al., 1987) we considered the case in which the velocity is independent of the curvature. The eff ects of this mild departu re fram the natural velocity profile were on ly consp icuous in the V(t) -R(t) relation an d in the parameters that desc ribe the tracki ng strategy. The violation realized in the elliptic targets is more severe, in that the natural V(t) -R(t) relation is actually inverted. As a consequence, a deterioration of the performance becomes ev ident in ali measurable aspects of the motor response: (a) The av erage delay is longer an d much more variable, (b) the eccentric ity becomes rhythm-dependent, (c) the gain of the respon se is increasingly re duced with the rhythm , (d) the rotation of the fi gure in the workspace is larger, an d (e) large distortions appear in the trajectory.
The findings suggest a specific connection between the processes involved in the rep roduction of external temp lates and some recent developments of the equilibrium position hypothesis for the generation of voluntary movements (Asatryan & Feldman, 1965; Bizzi, Polit, & Morasso, 1976; Feldman, 1966a Feldman, , 1966b Kelso & Holt, 1980; Polit & Bizzi, 1979) . In its originai formulation, the hypothesis postulated that movements are produced by abrupt shifts in the viscoelastic equilib rium point between agonist and antagonist joint torques. The refined version of the theory (equilibrium trajectory hypothesis, Bi rkenblit, Feldman, & Fukson, 1986; Feldman, 1974 Feldman, , 1980 Feldman, , 1986 Flash, 1987; Hogan, 1985) holds, instead, that the change of the equilibrium point is in fact a graduai processo The time course of this change can then be construed as a virtual trajectory that is taken to be the true output of the motor planning stage. The ac tual trajectory would simply be the result of applying to this internai template an appropriate operator that represents the viscoelastic properties of the biomechanical system (we neglect for the moment the fact that the virtual trajectory can be specif ied in a principled manner [Hogan, 1985; Nelson, 19831) . As we see it, this amounts to the postulate that the generation of voluntary movements is but a sp ècial case of the pursuit-tracki ng action, which only diff ers from conventional tracking in the nature of the target; in one case the target is an internai template, and in the other it is a template supplied from without.
The analogy between the two cases extends also to the proposed descriptions of the operator that translates the template into ov ert ac tion. In its simplest form , the equilibrium trajectory hypothesis assumes a linear second-order diff erential operator, ac ting independently on each cartesian component of the template (we are not consideri ng here the so-called lam ba-model [Birkenblit, Feldman, & Fukson, 1986; Feldman, 1986] , which cannot be framed in terms of operators). The model expressed by Equation 1 is more complex, because it allows for cross-component interaction and includes a velocity feedback term. The generai flavor of the two schemes is similar, however. In both cases, the nature of the operator (technically, its eigenfunctions) de fines the range of compatibility for inp ut-output pairs: For some inputs the operator will be, so to speak, more transparent than for others . For voluntary movements, of course, compatibility poses no problem, be cause the virtual trajectory can be specified accord ing to the required movement. By contrast, in a reai tracking task, compatibility is not to be taken for gr anted. A final comment on the relation between the equilibrium trajectory hypothesis and pursuit trac king: The virtual tra jectory is supposed to be compatible with the condition that the cor responding ac tual trajectory satisfies a minimum-jerk constraint (Flash, 1987; Hogan, 1984 Hogan, , 1985 . We will not provide here a detailed analysis of the congruence between the consequences of the minimum-jerk hypothesis and the observed regularities of natural trajectories. As pointed out by Flash and Hogan (1985) , however, some of these reg ularities can be predicted qualitatively from the imposed constraint. Thus, it is not surprising that natural movements sup plied as targets in a tracking task are minimally distorted .
Pred ictability and Input-Output Delays
Ta rgets that move-periodically or aperiodically-according to some perceptually identifiable rule offer to the subject the possibility of predicting their future course. Generally, subjects take advantage of this possibility, even when this is not implied by the assignment. In one dimensionai pursuit tracking, predictability generally entails a reduc tion of the average delay between target and pursuit. Indeed, the most typical evidence of predictive behavior i s the occurrence of negative delays, moments in which the response of the subject actually pre cedes the target . Our results with two-dimensional targets do not com pletely confirm this generai picture. There is, indeed, a reduction of the average delay: The means across ali subjects, ali velocities, and both conditions are smaller in both conditions L (46 ms) and T (73 ms) than the corresponding results observed with unpredictable stimuli (104 and 107 ms, respectively; see Ta ble 2 in Viviani et al., 1987) . No subject in condition L ever ran ahead of the target, however. As for condition T, negative delays did occur for almost ali subjects at the slowest velocities, but they cannot be interpreted as the result of an anticipatory action. Despite the fact that T-type targets are just as pre dictable as L-type ones, the running ahead of the response in the flat test portions of the trajectory (see Figures 4, 9 , and 10) is rather the consequence of the inability of the subject to slow down there, as the law of motion of the target would require.
To conclude on this point, we discuss the implications of the fact that, in our two-dimensional targets, both the kinematics and the tra jectory are entirely predictable and provide a further (possibly inde pendent) basis for anticipatory actions. The simplest form that such an action could take would be intentional shartcuts with respect to the target trajectory. Isolated instances of such behavior were indeed ob served in some of fastest pursuit trajectaries, buI, as a rule, subjects respected the experimental assignment, which stressed spatial prox imity between pursuit and target. Instead , rather common in condition T were those instances in which subjects continued more than the re quired high-curvature, high-velocity movements at the extremities of the ellipse (see upper right quadrant of Figures 4 and 13) . It is difficult, however, to construe this tendency as the manifestation of an antici patory action. There could be other reasons (Mussa-Ivaldi et al., 1985) to credit these distortions to specific properties of the motar and bio mechanical systems (e.g., arm stiffness, inertial couplings) quite in dependent of the centrai representation of the intended movement. It is known, for instance (Abend, Bizzi, & Morasso, 1982) , that subjects fail to follow accurately a constant-curvature path. Tw o reasons can be cited, however, for not placing too much emphasis on peripheral fac tors in this case. The first is that, although the two target orientations require different postural settings, the distortions are quite similar (compare panels A and B in Figure 13 ). The second and more impor tant reason is that inertial coupling effects should increase with the rhythm, whereas the distortions are only conspicuous at low frequency. An alternative explanation is suggested by the model. We know that the motor control system has diff iculty in negotiating a simultaneous inc rease of curvature and velocity (cf. Figure 6 ). One manifestation of such a diff iculty could be the inc rease of the centrai processing delay, tc' which, in its turn, reduces the effectiveness of the anticipation and makes the system more resonant (cf. Figure 11 in Viviani et al., 1987) . These two consequences of increasing tc would ultimately be the cause of the observed prolongation of the high-curvature segments. The simulations in Figure 13A lend some support to this interpretation, inasmuch as they show that a prog ressive increase of parameter te brings about the same type of distortion obse rved experimentally.
The control factors that are held responsible far the fact that some times volu ntary movements deviate from the intended traj ectory (Soechting et al, 1986; Soechting & Te rzuolo, 1986) could also be in voked to explain the rotation of the pursuit tracks. Even in this case, however, the hypothesis is not completely convincing. First of all, ro tation effects have never been documented in the spontaneous draw ing of ellipses. Second , if the rotation were the result of internai con straints on the covariation of joint angles, its direction should be independent of both the rhythm and the direction of the movement. In fact, the distortions that can be credited to such constraints relate only to the orientation of the limb segments in a body-centered system of reference. Finally, contrary to experi mental evidence, the rotation am plitude should also be independent of the specific law of motion. The involvement of biomechanical factors and, in particular, of the inertial couplings among the body segments , is suggested by the strong de pendence of the rotation from the rhythm. Furthermore, the significant diffe rence between the average rotation for ve rtical and horizontal tar gets (cf. Figure 8) is indeed likely to be the reflection of an intrinsic anisotropy of the motor workspace. The very surprising fact that such large rotations went totally unnoticed by the subjects, however, may also suggest an involvement of the perceptual system. Indeed, an old experiment by Benussi (1 915) demonstrated that a rectangular array of visual stimuli, lit in temporal sequence, produces the phenomenal impression of an ellipse tilted in the direction of the sequence. More aver, Viviani and Stucchi (1 989) have recently reported deformations in the perceived geometry of dynamic stimuli, which are specifically related to a manipulation of the law of motion similar to the one consid ered here.
Modeling: Scope and Limitations
As a generai preliminary remark, we would like to emphasize again a point that was made already in our discussion of the results with unpredictable targets. The model is far too simple to represent any thing but a streamlined functional description of the relation between the input stimuli and the motor response. We take comfort, however, from the fact that the major descriptors of the performance throughout the entire range of rhythms is adequately predicted by Equation 1 , even though we chose not to incorporate the possibility that the model parameters depend on the rhythm. The motor responses to visual in puts are modulated by a number of centrai processes, most of which are poorly understood. The model acknowledges explicitly only two well-documented sources of modulation. The first one is the possibility discussed above, of forecasting the future course of the input. Such a possibility was embodied in the generalized version of the model through parameter tf, in order to account for the changes in behavior that are normally observed with period ic stimuli. The second source of modulation is the process whereby visual information is transcoded in terms of motor commands. The necessity of postulating a centrai de lay, te ' associated with this process was suggested by the results with random inputs.
The fact that the simultaneous presence of the parameters te and tf makes the model capable of predicting satisfactorily both predictable and unpredictable targets should not obscure the fact that the nature of the processes that these parameters purport to represent remains largely a matter of speculation. Anticipatory actions are likely to result from higher cogn itive processes distinct from those involved in pursuit (cf. Poulton, 1974) . As a conscious effort to outsmart the target, these response components appear to be superimposed upon those under direct visual contro I and organized at a different hierarchical leve!. In deed, the qualitative analysis of response tracks supports this distinc tion, especially in the case of ramp-and step-tracking experiments, in which the pursuit track shows sudden accelerations that bring it ahead of the target and even responses that precede the stimulus (cf. Stark, 1972) . Unfortunately, it seems diff icult at the moment to provide an independent analysis of these higher processes, let alone to formalize their coordination with the sensorimotor loop. As a consequence, in this and other formai descriptions of pursuit tracking the processes responsible for anticipatory actions are construed as an integrai part of the sensorimotor loop, which can be influenced both by idiosyn cratic biases and environmental contingencies.
Te mporal Pa rameters
Sensitivity analysis of the model shows that the anticipation param eter, tf, reduces the delay by an amount that is almost independent of the rhythm, while leaving the gain curve almost unaffected. Within the context of the "viscoelastic" analogy expressed by Equation 1 , a high roll -off rate of the gain characteristics (as in the upper left plot of Figure  9A ) indicates slack coupling between target and pursuit. In a system without anticipation, this would necessarily imply large delays. Thus, adjusting tf was instrumental in reconciling the gain and delay char acteristics in individuai performances. The values of tf in Ta ble 2 are precisely those that, in both conditions, make the gain data compatible with the delay data by reducing the delay that would otherwise corre spond to the observed gain. In summary: (a) The modeling analysis confirms that temporal anticipation may exist also in two-dimensional pursuit tracking, and (b) the proposed model interprets this anticipa tion as an action for compensating-whenever necessary-the slack ness of the sensorimotor coupling .
As far the centrai delay, we begin by noting that the estimates of te in Ta ble 2 are negligibly small. Thus, the instantaneous delay between target and pursuit is accounted for basically by the bai ance between the forecasting parameter, tf' and second-order dynamics of the vis uomanual transfarmation tensor. This seems to contrad ict the fact that some systematic deformations of the trajectary have been interpreted as the result of a substantial computational load (see Figure 13A ). The explanation is that nonnegligible values of te are required only for mod eling some of the performances at the lowest rhythms at which most of the distortions are concentrated . In ali other cases, no centrai deiay is required to fit the data. Because the estimates in Ta ble 1 are those that optimize the fit over the entire range of rhythms, they cannot reflect adequately the vanishing influence of this factor. The fact that evi dence of a centrai delay exists only at the lowest velocity is in keeping with our interpretation of te as the minimum ti me necessary far modi fying the ongoing movement on the basis of visual information. Early estimates of this minimum time (250 ms, Vince, 1948; Woodworth, 1899) have been revised downward in more recent experiments and are now set in the 120-to 200-ms range (for a complete review, see Jeannerad , 1988) . Changes in direction that must take piace in less time are not likely to be under visual monitoring. Given the range of velocities covered in our experiments, this suggests that only the slow est targets can be monitored continuously. As the average velocity increases, it becomes increasingly difficult (and/or irrelevant) to main tain such a continuous visual control. Therefare, faster targets would have to be pursued on the basis of occasionai sampling of the visual input. Such a transition fram a closed-Ioop to a sort of piece-by-piece open-Ioop control mode implies a drastic reduction of the computa tional load associated with visual pracessing and may explain why the average estimates of te are so low. It might al so explain why, in contrast with the results of Ta ble 2, the estimates of te obtained with unpredict able inputs (about 120 ms) are comparable with the values reported by Jeannerad. In fact, the range of velocities covered in those experi ments overlaps the range in which distortions of the elliptic trajectories are more likely to occur. Moreover, and perhaps more impartant, the transition to an open-Ioop control mode is not viable if the targets are not predictable.
A final remark on the centrai processing time. The notion that pre dictable targets can be monitored only occasionally does not contra dict the fact that the model postulates a continuous availability of ve locity and position error signals. In fact, as emphasized by the presence of a forecasting parameter, the only essenti al requirement of the mode I is the availability of a centrai representation of these signals, irrespective of the specific mechanisms used to arrive at this repre sentation. From this point of view, the conception that we defend here is rather different from the so-called intermittent feedback control theory proposed both for hand (Craik, 1947) and eye (Young & Stark, 1963) tracking movements. This theory, in fact, assumes a periodic sampling of the visual input and a truly discontinuous mode of opera tion that should manifest itself as discontinuities in the actual move mento We never found evidence of such discontinuities in our pursuit traj ectories.
Coupling Parameters
As mentioned above, the look-ahead parameter, ti' is instrumental in ensuring the compatibility of gain and delay characteristics. One can then surmise that this parameter is adjusted by each subject on the basis of the "viscoelastic" coupling established between target and pursuit. In the previous report, we inferred from the data that direct coupling is dominated by the "viscous" component (i.e., by the veloc ity feedback) and that the strength of this component drops in the transition from a natural to a constant velocity profile. Subject SM (Table 2) , who exhibited some of the highest gains and shortest delays fitted this scheme. The more extreme transformation of the velocity profile realized in the present experiments entailed a clear reversal in the relative importance of velocity and position feedbacks, however. Subject SS, who showed some of the lowest gains and longest delays, also reduced the direct "viscous" component of the coupling when tracking transformed targets. The direct "elastic" component remained almost unchanged, however. We re it not for the intervention of a sub stantial amount of forecasting, the resulting slackening of the coupling would have produced a much larger instantaneous delay than the one actually measured .
Cross-component interaction was significantly present in both sub jects and both conditions and was instrumental in rep roducing the ro tation of the pursuit trajectory. As in the case of the temporal parame ters te and ti' great caution must be exerted in attempting to relate the interaction terms in Equation 1 to the mechanisms underlying the ro tation effects. Tw o remarks seem to be warranted, however. First, al though velocity error signals play a major role in direct coupling , cross coupling is basically elastic (i.e., transverse forces depend mostly on position errors). Thus, direct and interaction forces may result from independent processes. Second and more important, the very pres ence of the rotation effect and its interpretation as a cross-component interaction reemphasize the essenti al difference between classical pursuit tasks and the more generai two-dimensional condition investi gated here. Over and above the effects specifically related to the in teraction between geometry and kinematics, the fact remains that the two-dimensional task cannot be fully described by combining concep-tually and mathematically the results obtained in one dimensiono From this point of view, the presence of interaction terms in Equation 1 rep resents a significant new finding with respect to the previous study.
APPENDIX A
Let G and D be two ellipses with the same perimeter, whieh we cali geo metrie and dynamie ellipse, respeetively. In generai, both the eeeentrieity and the orientation of the major axis of G and D are difterent. We present the ana Iytieal procedure to solve the following problem. Compute the parametri c equations of a target sue h that the following eonditions are met: Condition 1 . The trajeetory of the target is the geometrie ellipse.
Condition 2 . The tangenti al veloeity of the target at any ti me, t, is equal to that of the unique movement that traees the dynamie ellipse by orthogonal eomposition of two harmonie funetions (Lissajous movement).
We introduce the following notation:
A xg ' A yg This nonlinear implicit equation can finally be solved for the desired law of motion, cl> , with the help of the well-known Landen's expansion of the elliptic integ rai (Abramowitz & Stegun, 1972, p. 598) . T-type targets fo r the experi ments described in this artici e have been created by applying this procedure in the special case, 1 9 = Id' and using the generai parametri c representation (A-1 ) .
APPENDIX B
The model represents the characteristics of the visuomanual transformation by the second-order symmetric tensor, r.
Standard calculations permit one to derive explicit formulas for the amplitude, A, and phase, cf>, of the diagonal and oft-diagonal components of r in the frequency domain. Let 
